Modern horizontal strain (2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016) measured along 56 new and 108 previously published GPS station baselines are used to establish the length (800 km) and width (300 -400 km) of the central Cascadia convergent margin seismogenic structure. Across-margin (west-east) annual rates of shortening range from 10 −9 a −1 at the eastern (landward) limit of the central Cascadia seismogenic structure to 10 −7 a −1 along the western onshore portion of the interplate zone. Relatively high shortening strain rates (10 −8 a −1 to 10 −7 a −1
) are also measured in western transects from the northern (Explorer plate) and southern (Gorda plate) segments of the convergent margin, demonstrating that the full length of the margin (1300 km length) is currently capable of sustaining and/or initiating a major great earthquake. Vertical GPS velocities are averaged over the last decade at 321 stations to map patterns of uplift (0 -5 mm yr −1 ) and subsidence (0 -9 mm yr −1 ) relative to the study area mean. Along-margin belts of relative uplift and subsidence, respectively, are approximately associated with Coast Ranges and the Cascade volcanic arc. However, the vertical velocity data are locally heterogeneous, demonstrating patchy "anomalies" within the larger along-margin belts. A large coastal subsidence anomaly occurs in southwest Washington where the modern shortterm trend is reversed from the long-term (~200 yr) tidal marsh record of coastal uplift since the last co-seismic subsidence event (AD1700). The modern vertical displacements represent a late stage of the current inter-seismic interval. If the horizontal strain is considered largely or fully elastic, extrapolating the modern strain rates over the last 100 years show the accumulated strains would be similar in magnitude to the observed co-seismic strains resulting from the Tōhoku, Japan, Mw 9.0 earthquake in 2011. We believe that the central Cascadia seismogenic structure has accumulated sufficient elastic strain energy, during the last 300 years, to yield a Mw 9.0 earthquake from a rupture of at least one-half (400 km) of its length.
Introduction
In previous papers [1] [2] we used continuously operating Global Positioning Stations (GPS) to document horizontal strain in the central Cascadia margin in the Pacific Northwest of the United States ( Figure 1 ). Over 100 station-station baseline length changes (30 to 50 km spacing between GPS stations) were determined along seven west-east transects, two north-south transects and in three localized areas to determine the variation in strain over the central Cascadia convergent margin (Figure 1 ). These results showed (1) that strain extended further inland from the deformation front than expected, and (2) that west-east strain values substantially exceeded north-south strain values. The principle strain directions were about NW-SW, and changed orientation as the orientation of the margin changed, to remain approximately perpendicular to the margin.
In this paper, we extend the existing GPS transects further inland from the offshore deformation belt and add several margin-normal transects in the north and south areas of the Cascadia margin ( Figure 2 ). Transects are added to the north, across Vancouver Island, Canada, where we do not have oblique convergence, and to the south into Northern California where the tectonic regime changes from convergent to transform. In this paper, we present the use of GPS vertical velocity data [3] [4] to analyze the vertical displacement trends at 321 fixed GPS sites in the central Cascadia margin. These initial analyses, from about a decade of vertical velocity measurements, are used to discriminate between relative uplift and subsidence of the upper plate surface across and along the onshore part of the subduction zone margin.
The analyses presented in this article demonstrate that the modern convergent horizontal strain extends to as much as 400 km landward from the deformation front or buried trench in the central Cascadia margin (Figure 1 ). The modern convergent strain occurs on both sides of the volcanic arc (the Cascade Mountains).
We identify a broad area of modern strain accumulation in the Cascadia margin as a large seismogenic structure, though the area extends landward of the inter-plate interface, which probably reaches the Cascade volcanic arc [1] . In the seaward portion of the seismogenic structure, the opposing plate motions impart stress to the upper plate across the plate interfaces, but the elastic strain is thought to be stored throughout the full thickness of the upper-plate and across the full width of the structure, which extends east of the Cascade Range ( Figure   1 ). The deformed upper-plate serves as a capacitor of stored elastic strain energy prior to an earthquake. It is not known if the strain accumulated throughout the entire landward width of the Cascadia seismogenic structure is released during megathrust rupture, but that proved to be the case in the Tōhoku, Japan, M w 9.0 earthquake in 2011 [5] .
The horizontal strain is not recorded in the geologic record but paleo-cyclic vertical displacements are recorded in Cascadia tidal marshes [1] [7] [8] . The modern vertical displacements measured via GPS in this study differ from those recorded during the ~200-year interval of tidal marsh emergence after the last co-seismic rupture [AD 1700, [9] ]. These results bear directly on previously unexpected relations between paleo-inter-seismic interval durations and magnitudes of interseismic uplift [10] and paleo-tsunami runup [11] The subduction zone is bounded at transform triple junctions (opposing arrows) to the north and south. Offshore deformation belt by from [6] . Figure 2 . Regional map of GPS stations (dots) and horizontal strain baselines (between GPS sites) in across-margin transects (west-east orientations) and along-margin transects (north-south orientations) and previously published GPS baselines and quadrilaterals [1] are shown by black lines. New GPS baselines and one new quadrilateral, as presented in this article, are shown by red lines. The names of the E-W transects are in blue, and selected volcanoes are named. displacement during the current interseismic strain interval, relative to prior tidal marsh uplift records after the last Cascadia rupture at AD1700 [e.g., [10] ].
If all of the strain accumulated during the inter-seismic period (an average of 450 years between major ruptures for the Cascadia margin) is released during the earthquake event, as suggested using Reid's elastic rebound theory [12] , then the observed modern strain rates are too large compared to the total strain re-leased in the Tōhoku earthquake in 2011 [e.g., [5] ]. This suggests that over the seismic cycle a portion of the elastic strain must be converted to inelastic deformation or released in small amounts making that portion of the energy budget unavailable for release in an earthquake. We assume that most of the observed strain over the past decade to perhaps the century scale is elastic [1] and therefore could be released coseismically. In this paper, that amount of potential elastic strain energy, accumulated since the last rupture at AD1700, is estimated to predict a magnitude (Mw 9.0) of a mega-thrust rupture of at least one-half (400 km) of the central Cascadia margin.
In summary, in this paper we suggest that based on the current Cascadia strain rates compared with the strain released during the 2011 Tōhoku earthquake that the Cascadia margin has been capable of generating a great earthquake since within 100 years from the last great earthquake (1700 AD), and that the current vertical deformation trends are similar to changes in the paleomarch subsidence records to just prior to previous great earthquakes.
Background

Central Cascadia Margin
Estimated oblique convergence (030˚N -050˚N) of the central Cascadia margin at ~4 cm•yr −1 ( Figure 1 ) is associated with (1) episodic great subduction zone earthquakes (Mw 8.5 ± 0.5) with major-rupture recurrence intervals of 450 ± 250 years [7] [13] [14] [15] [16] , (2) large-scale paleo-liquefaction features at 100 -170 km from the trench [17] , and (3) nearfield paleo-tsunamis (10 ± 5 m) adjusted shoreline run-up [11] . It has been 316 years since the last Cascadia rupture at ~AD1700 [18] . The current strain conditions of the central Cascadia margin, as well as the northern and southern areas of the margin (total margin length ~1300 km) are of great interest to coastal cities and large inland metropolitan centers, located 80 -300 km from the trench.
Short-Term Horizontal Strains
Previous horizontal strain analyses [1] . Therefore, the dominantly shortening strain in the west-east direction (across-margin) was an order of magnitude greater than in the north-south direction (along-margin). The principle shortening direction was determined to be approximately NE-SW, thus oblique to both the N-S and E-W transects.
Onshore thrust faults in the southern Cascadia margin are orientated slightly oblique to the coast (NNW) and to the offshore buried trench, however, numerous Quaternary fold axes in the fold-and-thrust belt, mapped offshore of the central Cascadia margin (Figure 1 ), are shore-parallel and trench-parallel [20] .
Furthermore, Quaternary fold axes mapped onshore in the southern part of the central Cascadia margin [2] are also orientated shore-parallel and trench parallel. The differences between directions of the margin-parallel Quaternary structures and the margin-oblique modern strain directions have not been reconciled, though their orientations might reflect across-margin gradients in plate strength or inherited structures. In any case, the principle shortening direction associated with modern horizontal strain is consistent with an assumed oblique direction of subduction ( Figure 1 ) in the central Cascadia margin. Additional GPS base station transects (Figure 2 ) are utilized in this article to establish modern convergence strain directions in the northernmost and southernmost areas of the central Cascadia margin, and in transects that cross the Cascade volcanic arc, landward of previously published GPS baseline transects.
Long-Term Vertical Displacements
Long-term uplift rates of the central Coast Range at 100 -150 km from the trench (~0.1 -0.3 mm•yr 
Unexpected Relations between Inter-Seismic Interval and Uplift
Two aspects of the interseismic uplift intervals are of special relevance to this ar- 
Horizontal Strain Measurements
The horizontal strain is the normalized change in distance between two material points [e.g., [26] ]; a negative number indicates shortening, and a positive number indicates an extension. The larger the absolute value of the number, the greater the amount of horizontal shortening or extension. We measure the distance between two fixed GPS antennae daily, and any statistically significant change in the length over a period of several years is taken to be the average annual strain (see Methods section below), which is a close approximation to the strain rate.
The elastically recoverable portion of the strain, responsible for the release of energy during an earthquake is hard to determine because crustal materials inelastically deform at the timescale of earth-quake recurrence intervals [e.g., [27] ]. Ninety-seven percent of the observed co-seismic strains from the 2011
Tōhoku, Japan, earthquake, were in the range of 10 −6 to 10 −5 [5] . If these strains are representative of large subduction-zone earthquakes, then that magnitude of recoverable elastic strain can accumulate in about 100 years from strain rates of about 10
As will be shown in this article, such active strain rates (up to ~10 −7 a −1 ) are currently measured in west-east baselines in the western Cascadia margin. It should be noted that the relatively short durations of horizontal baseline strain reported here, averages measured over several years in this study, might not represent the entire duration of the current inter-seismic interval, ~300 years duration since the last rupture at AD1700 [18] . Longer time scales of horizontal strain (centuries to thousands of years), which could yield inelastic strain deformation, are not addressed by these multi-year GPS baseline strain records.
At the other end of the time domain is the concern about very-short-term variations in apparent GPS station positions. It is well established that there are periodic variations in the GPS solution due to atmospheric and orbital considerations [28] . It is assumed that trends if measured over two years or more, will overcome these very-short-term variations and yield the average length changes over the several years' period. Verification of GPS station velocities, or the rates of baseline length changes, are established by statistically significant linear trends in the GPS station position data [1] .
ETS and Other Aperiodic GPS Velocity Affects
It has been reported that Episodic Tremor Slip (ETS) events found in some Cascadia margin localities [29] affect the apparent horizontal velocity of GPS stations at monthly time scales. Summing of the apparent ETS events yields lower average east-velocities than the inter-ETS velocities [29] . To date, we have not been able to detect any significant changes in horizontal strain in our GPS baselines during reported ETS events (see Results section below). However, starting in 2015, these authors noticed that several baselines in western Washington State and in Vancouver Island (Figure 2 ), recorded decreased rates of baseline horizontal strain. Because it is unclear whether these strain rate anomalies are larger than average yearly cycles, or are part of a longer-term trend, we cut-off our data analysis for this article in January 2015. These 2015 and onwards strain rate anomalies will be examined more closely in future work, but the apparent effect was to lower the average changes in strain along the impacted GPS baselines.
Additional work is required to establish the potential for spatially-variable episodic changes in horizontal strain accumulation based on multiple GPS baselines in continuous transects in the Cascadia margin.
Methods
Horizontal Strain
In previous work using the fixed GPS network in the Pacific Northwest The data used in this article were collected from several sources: Daily RINEX files were obtained from the Pacific Northwest Geodetic Array [3] , NOAA Continually Operating Reference stations [30] and the Plate Boundary Observation
Stations [4] , along with the precise ephemeris files from the International GPS Service (IGS) [31] . These data are processed using vecsol, [32] , which is part of the GPSTK toolkit [33] . Vecsol solves for the baseline vector between two stations. During processing, one station is designated as the start of the vector, and the other at the end. The baselines are processed twice, using each end as the starting point of the vector and the other station is at the end-point, and the two baselines are compared for consistency. Typically, solutions are calculated for several years to look for the long-term trends in changes in the baseline. At least two years of data are needed to ensure the trend is not influenced by annual variations in baseline lengths [28] . The baseline vectors are stored in a database and analyzed using R [34] .
Scatter plots are examined for outliers and may be removed from the solution.
In most cases the outliers, once removed, do not change the significance or value of the solution. Baselines are also processed using different time periods to check for consistency over time.
To look for a trend in the data, the R function rlm (part of the MASS package) is used; this regression includes the ability to minimize the effect of outliers. If a significant trend is found in the data (as determined by the t-and F-test results generated by rlm), the slope of the line is expressed as the average change of length per year. This is converted to a strain to calculate the average strain per year.
For the purposes of this article, we name the distance between two GPS stations as baseline segments, and a collection of linked baselines is a transect. The locations of baseline segments and grouping of baseline segments into transects are shown in Table A1 through Table A3 the Appendix. 
Relative Rates of Vertical Displacements
The vertical component of a GPS solution generally contains the largest uncertainty of any component of the position solution [e.g., [35] ]. Vertical strain cannot be determined because we only have one material point at any GPS station. Instead, we use the trends in the vertical solution at a station, reported as the vertical velocity. These trends provide indicators of differences in relative vertical displacement between stations for a given period.
We focus on the vertical velocity because we lack any absolute measurement datum. Vertical deformation could be a combination of isostatic uplift, thickening due to shortening of the crust (as suggested by the horizontal strains), buck- The vertical velocities were obtained from the Pacific Northwest Geodetic Array [3] , and the Plate Boundary Observation Stations [4] . The two data sets were combined, and the mean vertical velocity for the combined dataset determined.
The mean vertical velocity was subtracted from each site vertical velocity to get the difference from the mean. The velocities were calculated from periods be- ).
Results
Here we present results from the measurement of horizontal strain along tran- 
New Horizontal Strain Values
The horizontal strain results from the newly added west-east and north-south GPS baseline transects ( Figure 2 and presented in Table A1 In this section, the previous GPS baseline strain data [1] are combined with the new baseline strains (Table A2) 
Horizontal Strain Patterns
Principle Shortening Directions
Several braced quadrilaterals are used to establish principle shortening directions at key locations in the study area. For this article we use previously published quadrilaterals (50 to 100 km axis distance) from NW Olympic Peninsula, Vernonia and Burn Junction (southwestern Oregon) [1] and new data from a qua- 
Relative Rate of Vertical Displacements
The vertical velocities of 321 GPS stations, measured over about a decade period, range from −9 to +3 mm yr −1 in the study area. The mean of the measured velocities for the study area is calculated to be −1.7 mm yr 
Discussion
In this section, we address the relations between modern horizontal strain measurements from GPS baselines and vertical displacements from GPS vertical velocities and longer-term geodetic surveys and paleo-tidal marsh records in the Cascadia margin. These different data sets are used to establish conditions of elastic strain and/or vertical displacement in the large Cascadia seismogenic structure during the late stage of the current inter-seismic interval.
Horizontal Strain
Horizontal strain measurements of shortening and extension in the Cascadia margin ( Figure 6 ) are compared to establish regional patterns of upper-plate strain orientations and magnitudes on the landward side of the subduction zone.
During the time periods that the GPS base station data were collected, generally 2006-2016 (Table A2) no anomalous large-scale strain reversals were observed that lasted longer than the annual cycles common to continuous base station records ( Figure 5 ). For example, a reported tremor and slip event (ETS) in the northern part of the central Cascadia margin, near Seattle, Washington [36] was not recorded in the west-east GPS baselines that cross that locality ( Figure 6 ). It is possible that the ETS events that reportedly occurred during 2006-2014 period were located between the GPS baselines used in this study. However, an anomalous change in strain rate was observed in 2015 in several GPS baselines from the northwest part of the study area, but no corresponding ETS events were reported for that period. Additional monitoring of those baselines is underway to establish the potential duration and magnitude of the localized changes in strain rates. In summary, the GPS baseline data reduction and analyses methods reported in this study have not confirmed any ETS events, by corresponding changes in surface horizontal strain rates, during the period of GPS base station monitoring.
The GPS baseline stain analyses presented here differ from other studies of GPS horizontal velocities [37] in that no plate motions or rotations, and their inherent uncertainties, are utilized in the GPS baseline analyses. A limitation of the GPS baseline approach is the limited spatial resolution of the baseline lengths, ~50 km between available GPS stations (Table A2 ). These length scales cannot resolve strain within discrete upper plate surface faults or smaller-wave-length folds. Redundancy of GPS baselines, within a long transect or in parallel, at spaced (~100 km) intervals along-margin ( Figure 6 ), helps to confirm broader trends of shortening or lengthening. Future analyses of the smaller-scale heterogeneity between baselines will require increased density of GPS stations in the Cascadia margin. And, to date, no GPS stations are established offshore of the Cascadia margin coastline. The GPS baseline strain method is suited to regional scale analyses of the landward portion of the Cascadia margin.
The higher strain rates that are reported in this article are assumed to be largely elastic, so they are potentially indicative of co-seismic strain energy release and earthquake magnitude, as discussed later in section 5.1. In this section, we address the regional patterns of modern horizontal strain in the Cascadia margin.
At the regional scale, four patterns of modern horizontal strain are apparent in the study area. are found in a transect located north of the Olympic Coast Range. This locality is situated at a major bend of the convergent margin, but it is not known whether the highest strain rates there are due to (1) increased convergent stresses, (2) thinning of the Siletzia terrain [38] , (3) Figure 6 ; Table A2 ). Lower crust bottom depths are from [39] . Ellipses represent relative strain magntudes. 
Rates of Vertical Displacement
The substantial modern vertical deformation in the central Cascadia margin extends ~300 km landward from the coast or ~400 km from the buried trench in of the zone maximum co-seismic subsidence (dashed line [19] . (b) Map of coastal coseismic-subsidence records (0.3 -3 ka in age), zero-isobases, and summarized vertical displacement trends from 50-year geodetic releveling surveys [42] . Coseismic subsidence localities are named [10] . Geodetic survey segments are color coded by uplift rate (mm/yr) [42] .
post-seismic uplift at key localities. The zone of maximum co-seismic subsidence, and corresponding inter-seismic uplift, has an opposite sense of trend A 50-year record of geodetic leveling surveys [42] along the Oregon coast is summarized in Figure 9 The 50-year geodetic leveling results (Figure 7(b) ) were not previously compared [42] to long-term vertical displacement records that have been analyzed from tidal marshes in the area, as summarized in Peterson & Cruikshank [19] .
As previously noted, the high geodetic leveling uplift rates (+3 mm•yr , and most importantly (3) longer inter-seismic intervals do not correspond to the largest paleo-tsunami run-ups in Cascadia margin coastlines [11] . These phenomena can be explained by decreases in vertical displacement rates, and possibly locally reversed vertical displacement signs (+/−), during a late stage of the inter-seismic interval as discussed below.
Definition, and Implications of Late-Stage of Interseismic Strain
Studies of coastal subsidence and uplift records from the Cascadia margin suggest that the inter-seismic interval (between earthquakes) can be broken into three broad stages. The early stage defined as the period just following an event where there is no definitive record of marsh emergence, due to recovery period of mash recolonization of subsided mud flats. Wang and others [27] suggest this stage represents a relatively short period of interplate-interface recoupling after the co-seismic rupture. We assume that such an early stage of little to no convergent strain would occur in the Cascadia margin for several decades after a major co-seismic rupture, such as after the AD1700 great earthquake ( Figure   10 ).
Once the interplate interface was sufficiently recoupled in the Cascadia margin (early stage) then convergent strain began to accumulate in the upper plate. 
Estimate of Earthquake Magnitude for the Central Cascadia Margin
The energy released during an earthquake is thought to come from stored elastic strain energy [12] . To evaluate the relative magnitude of a great earthquake that ).
That is to say that, a 400 km along-margin rupture length of the central Cascadia seismogenic structure is apparently capable of generating up to a magnitude 9.0 earthquake after as little as 100 years of strain accumulation at the modern rates.
However, the strain has been accumulating in the central Cascadia margin since the last megathrust rupture at AD1700 (~300 years ago). The rheology of the crustal material is probably viscoelastic. At some point, the material reaches an equilibrium state, where strain energy is being added at about the same rate that energy is used in permanent deformation, aseismic slip and/or in short-term events such as ETS events, or micro-seismicity. An earthquake occurs when the stress/strain state changes, possibly propagated from a small initiation area, so that a sudden, rapid release of the stored elastic portion of the strain occurs throughout the affected seismogenic structure (up to 400 km width in the central Cascadia margin). We believe that a one-half rupture length (400 km) of the central Cascadia margin (800 km total length) has accumulated sufficient elastic strain energy during the last ~300 years since the last megathrust rupture at AD1700 to yield a Mw 9.0 great earthquake. Longer rupture lengths could increase the earthquake magnitude, based on modern convergent strain rates measured throughout the margin.
Conclusions
In It is not known whether potential future short-term changes in GPS measured horizontal strain or vertical displacement will significantly precede the next major rupture of the Cascadia megathrust, though we recommend that the capabilities of the GPS networks in the Pacific Northwest for such monitoring be continued. Tables   Table A1. Results for the new and extended EW baselines. This data updates and extends that presented in [1] . The location of the transects is shown in Figure 2 . 
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